A 16-element, compact phased array transceiver is demonstrated at E-band (71-76 and 81-86GHz). A Weaver image selection architecture reduces the LO tuning range to 3GHz while covering the 10GHz band. The bidirectional and efficient implementation of Weaver architecture in scalable array is proposed using bidirectional shared image selection IF mixer. The beam is steered across +/-30° with an average 30dBm EIRP across the upper and lower bands using narrow band LO phase shifter. A 1.5 GHz modulation bandwidth for 16 QAM and 64 QAM waveform is generated with EVM better than -19 dB/ -24 dB, respectively. The 2x2 transceiver die is implemented in SiGe BiCMOS and is assembled with 16-elements while operating at a 25% EIRP/PDC efficiency.
I. INTRODUCTION
Future 5G communication networks demand cell-to-cell backhaul and E-band (71-76 and 81-86 GHz) offers high data rates over a 2GHz channel. While E-band has lower atmospheric attenuation compared to the 60-GHz band, a relatively large array is required to compensate the path loss and a scalable array that operates over the entire E-band requires compact transmit (TX) and receive (RX) elements as well as an approach to scale to larger numbers of elements from a 2 x 2 array die. Above 60 GHz, the unit-cell size must be close to /2 spacing between the antennas and include local oscillator (LO) distribution, intermediate frequency (IF), I/O interfaces, transitions between antenna and IC, and heat distribution from the IC. Prior work has shown scalable arrays but not wideband transmit and receive arrays that operate over 71-76 and 81-86 with low power consumption [1] [2] [3] [4] .
The proposed approach to a scalable millimeter-wave (mm-wave) array is based on LO distribution. The LO is phase-shifted at each element to avoid large RF phase shifters in each signal path and RF gain variation over the band. The LO phase shift is produced at low frequency (19.5 GHz) and frequency-multiplied at each element. A direct conversion architecture would demand the LO shift from 71-86 GHz and require high fractional bandwidth (FBW) of 15%. Alternatively, a sliding IF approach converts the RF to a lower frequency IF and then a second mixing stage produces a second frequency conversion. If both the first and second LO are tunable, the FBW is reduced to 10%. An earlier paper presented a Weaver image selection approach that switched between the upper and lower sideband to reduce the FBW of the LO to 4% [5] [6] .
In this work, a scalable array is proposed based on a Weaver image selection architecture (ISA) to covers both 71-76 and 81-86GHz while reducing the LO tuning range to 4%. Shown in Fig. 1 , the proposed ISA uses the lower (71-76) and upper (81-86) mm-wave bands as images of each other. In addition, the LSB and USB are switched with only one phase inversion. While the Weaver ISA could be copied across Nelements, this would suffer from scaling of the number of required I/Q mixers and bandpass filter (BPF), 2N for each of the N elements. The proposed approach shares the 1st intermediate frequency (IF1) between elements so that a single image selection stage reduces the number of I/Q mixers to 2+N and only two I/Q filter as illustrated in Fig. 1 to significantly reduce power consumption across the array TRX modes.
II. PROPOSED N-PATH SHARED IF WEAVER ARCHITECTURE Fig. 2 details the bidirectional IF architecture for TX and RX modes. The PA/LNA are bidirectional circuits with an input switch that is turned on in TX mode to isolate the LNA through a /4 line to a high impedance at the antenna. Each of the four IF signals is produced from mixing the PA/LNA port through the RF mixer to a 1st IF. In TX-mode, a commonemitter amplifier produces current injected into the ring mixer, creating an active Gilbert mixer with high conversion gain. In RX mode, the switches are passive (no dc current) to improve linearity. The input impedance at each element is + (± ) ±∅ , where is the switch on resistance and is the impedance of either the TX or RX amplifier within IF1 bandwidth. The proposed frequency plan reduces the bandwidth at IF1 and main IF to 3GHz, relaxing the matching network bandwidth, and providing flat conversion gain. The conversion gain over bandwidth between two IF and RF mixer is also shown in Fig. 2 
and shows the excellent low conversion gain variation.
Each of the four IF1 signals are combined or split between the elements using a bidirectional active combiner/splitter and common LC bandpass filter. The LC filter acts as an input matching network for the common-emitter amplifier and buffer of the active splitter (TX mode) while providing optimum load for the common-base transistor (Q2) of active combiner (RX mode). The S11 is better than -10dB over 3GHz bandwidth at shared interface node as shown in Fig. 2 mismatch of less than ±1dB and ±2.5 degree, respectively, over the 3GHz bandwidth, corresponding to 30-dB image rejection ratio and limiting EVM. Reduced LO FBW avoids complicated calibration circuitry to compensate the multistage PPF loss. More importantly, reduced LO tuning range minimizes the LO phase and amplitude error for the LO phase shifter. A 32-bit differential injection-locked oscillator (ILO) phase shifter with 1 GHz tuning range at 19.5 GHz is employed for frequency locking and phase shifting in the beam-former.
III. PROPOSED COMPACT SCALABLE ANTENNA-IC PACKAGING
In order to have a symmetric and compact LO distribution network between multiple dies and low-mismatch current injection between the ILO arrays, a novel compact differential feed network is proposed. On-chip balun or conventional ratrace couplers are poor candidates for compact differential feed network to meet spacing requirements between antennas. A differential, aperture-coupled balun is proposed for differential feed networks at each LO/IF port of the 2x2 array and integrated on a 4-layer PCB shown in Fig. 3 with on-PCB antennas. The electric field distribution for the proposed compact LO differential feed network is illustrated in Fig. 3 . The bottom microstrip feed line is open and the aperture is approximately /4 from the end of the line to ensure maximum magnetic coupling. According to the electric field distribution, the signals across the aperture have the same amplitude but are 180° out of phase. An H-shaped aperture is used instead of a linear aperture. The simulated differential signal amplitude and phase mismatch are a minimum of 0.5 degree and 0.02 dB amplitude mismatch.
The 16-element antenna-IC integration uses four PCB layers. The top PCB layer routes the RF signals for the 2x2 die while eliminating the need for multi-layer vias with large loss. The aperture layers are placed between the RF and LO/IF signals, optimized for 5 mil thickness using RO 3006 substrate. To enhance the radiation gain, a 10-mil RO3003 substrate ( = 3) is used for the antenna and aperture. The resulting aperture coupled antenna array is wideband (10-dB impedance bandwidth), exhibiting a maximum of 2dB gain variation over 71-86 GHz. The area of the 16-element array is around 11.5mm×7.1mm and fits within the /2 spacing limit. IV. MEASUREMENT RESULTS The 16-element, E-band array is fabricated in 90nm SiGe BiCMOS. Four die are wire-bonded on a 4-layer PCB through the aperture coupled ports. The chip microphotograph is illustrated in Fig. 4 alongside the 16-element assembly. A single die is a 2x2 array occupying 4.6mm x 2.8mm. The measured antenna gain is 11 to 13 dBi due to the wideband aperture coupling technique. The array beam-steering angle for both TRX modes at both bands are shown in Fig. 5a , illustrating a maximum ±30° with 15dB peak to null ratio and 30° half-power beam-width. The Psat of each element is up to 8dBm and the measured TX EIRP of 28 to 32dBm over the 10GHz. The RX conversion gain is also plotted in Fig. 5b and is averaged 32dB over the band.
The EVM of the TX is measured over up to 25cm and the worst-case EVM is reported in Fig. 6 for 16 QAM and 64 QAM over both the lower and upper bands. An 8Gb/s 16 QAM modulation is transmitted with EVM less than -18 dB and for 64 QAM a 9Gb/s is achieved with EVM less than -24 dB. The EVM variation is +/-2dB over the two bands.
The proposed wideband, scalable transceiver array is compared to prior work in Table I and demonstrates the first solution to cover both 71-76 and 81-86GHz while achieving low EVM. The power consumption of each element is 250 mW in TX mode and 160 mW in RX mode. The chip has the best EIRP/PDC over the widest RF bandwidth at 25% over 10GHz.
V. CONCLUSION This paper presents the first E-band scalable phased array to operate over 71-76 and 81-86GHz. It demonstrates the highest energy-efficiency at E-band with an average 25% EIRP/PDC over 10 GHz band. The results present consistent +/-30degree beam-steering for TX/RX over entire band. A novel compact differential aperture coupled LO/IF feed network for half-wavelength spacing between dies has been proposed. The system offers up to 2 GHz modulation bandwidth for 64 QAM with EVM better than -19 dB across the entire band.
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